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(54) Spacecraft antenna vibration control damper 

(57) A vibration control system is provided for an 
appendage such as an antenna 10 coupled to a plat- 
form such as a spacecraft 12. The antenna 10 is cou- 
pled at a base 14 so as to extend from the spacecraft 
12. A plurality of guidelines 20 extend between remote 
portions 22 of the antenna 10 and the antenna base 14. 
A plurality of motion control elements 36 are provided 



within the antenna structure for reducing oscillation set- 
tling time of the antenna 1 0 relative to the spacecraft 1 2. 
The motion control elements 36 include a material dis- 
posed therein having its damping response changed 
according to the magnitude of an electric or magnetic 
field applied thereto. 
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Description 

BACKGROUND Q F THE INVENTION 

1. Technical Field 

[0001] The present invention generally relates to 
motion control mechanisms and, more particularly, to an 
apparatus for controlling the vibration of an appendage 
which results from the slewing of a spacecraft or other 
disturbances. 

2. Di$gli??iQn 

[0002] Spacecraft are commonly provided with 
deployable antennas, test equipment, and other 
appendages. For example, spacecraft antennas typi- 
cally comprise a dish-like shaped structure formed 
about a central feed tower. In one such reflector design, 
the feed tower Is secured to the spacecraft at its base 
while a reflective mesh structure is supported about the 
axis of the feed tower by a rib structure. A plurality of 
cables irrterconnect the remote portions of the dish-like 
structure with the base of the feed tower. These cables 
stabilize the ribs by holding the reflective mesh surface 
in place. 

[0003] Spacecraft maneuvers such as slewing (i.e., 
rotating the spacecraft about its yaw or pitch axis) 
and/or spacecraft disturbances cause the appendages 
extending therefrom to undergo undesirable oscilla- 
tions. Typical large diameter reflective structures pos- 
sess low natural frequencies (1.0 Hz or less) and 
inherent structural damping of such systems accounts 
for approximately 0.1% to 0.4% critical damping. 
Because of the low danping. the antenna requires a 
significant amount of time to settle down. Prior to set- 
tling, the antenna's mission operation is degraded. 
[0(K)4] Prior art attempts to reduce oscillations have 
been directed towards stiffening the overall antenna 
structure. By stiffening the structure, the natural fre- 
quency of the antenna can be increased. As such, the 
oscillations occur faster and the time required for the 
vibration displacements to drop to an acceptable level is 
reduced. One method that has been used to increase 
natural frequency was to increase tiie tension in the 
gukJelines extending between the rib structure and the 
feed tower base. Also, cables have been added from the 
top edge of the rib structure to the top of tiie feed tower 
and tiie diameter of the ribs has been increased. How- 
ever, these attempts have been only modestiy effective 
as the natural frequency cannot be increased to a suffi- 
cient level without adding significant weight to the struc- 
ture. 

[0005] Motion control mechanisms for damping oscil- 
lations have been used to various degrees in tiie auto- 
motive industry. For instance. U.S. Patent No. 4.869,476 
entitied "Electrically Controlled Viscous Elastic Spring" 
to Shtarkman and assigned to the Assignee of the 



present invention and incorporated by reference herein 
describes a spring for resisting relative movement of 
parts and for urging the parts to an initial, equilibrium 
position when tiie parts are moved therefrom. The 

5 spring uses a fluid, such as an electro-rheological fluid 
or a magnetic fluid, to provide a variable spring rate and 
a variable load-carrying capacity. The resistance to flow 
of these fluids varies as a function of the magnitude of 
eitiier an electric field or a magnetic field applied to tiie 

10 fluid. 

[0006] Anotiier known device using elecfro-rheologi- 
cal fluid for damping is disclosed in U.S. Patent No. 
4,896,752 entitied "Vehicle Strut" to Shtarkman and 
assigned to the Assignee of tiie present invention which 

IS is also incorporated by reference herein. This reference 
discloses a strut for use in a suspension system 
wherein the spring and damping characteristics of tiie 
strut are confrolled, in part, by an electro-rheological 
fluid disposed within fluid chambers in the strut. When 

20 the viscosity of the fluid is varied by changing the mag- 
nitude of the electric field applied to the fluid, the spring 
rate of tiie strut is varied. 

[0007] Further. U.S. Patent Nos. 4,942.947. 
4.992.190. 5,167.850. and 5,176.368. all to Shtarkman, 

25 and 5,257,681, 5.354.488. 5,367.459, 5.517,096. and 
5,655,757 all to Shtarkman, et al., each of which is 
assigned to tiie Assignee of tiie present invention and is 
incorporated by reference herein, disclose devices uti- 
lizing fluid compositions which are responsive to an 

30 electric or magnetic field. By controlling the magnitude 
of the field, the spring and damping characteristics of 
tiie devices can be manipulated. 
[0008] In view of tiie foregoing, it would be desirable 
to provide an apparatus for conti'olling the vibrations of 

35 a spacecraft appendage by utilizing a control mecha- 
nism responsive to an electric or magnetic field. 

SUMMARY OF THE INVENTION 

40 [0009] The above and other objects are provided by a 
motion control apparatus for controlling oscillations of 
an appendage such as an antenna coupled to a plat- 
form such as a spacecraft. The antenna is secured to 
the spacecraft at its t>ase so as to extend laterally from 

45 the spacecraft. A plurality of guidelines extend between 
remote portions of tiie antennas reflector structure and 
the antenna base. When tiie reflector is subjected to lat- 
eral forces due to a slew maneuver of the spacecraft or 
other disturbances, the guidelines react to the lateral 

so loads. When the reflector oscillates in its first lateral 
mode, the guidelines experience a significant portion of 
the sti'ain energy for that mode, as does the feed tower. 
Therefore, in order to reduce the settiing time of tiie 
antenna relative to tiie spacecraft, a plurality of motion 

55 control elements are provided between the antenna 
base and tiie spacecraft, along the guidelines between 
tiie antenna base and tiie remote portions of tiie 
antenna or both. 
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[0010] The motion control elements preferably com- 
prise either passive or active control elements and 
include a material having a danping response changed 
according to the magnitude of an electric or magnetic 
power source coupled therewith. For instance, the 5 
motion control elements may include a magneto- or 
electro-rheological fluid having its viscosity changed 
according to the magnitude of an ^ectric or magnetic 
field applied thereto. Also, the motion control elements 
may include a piezo-electric stack which exert mechan- 10 
ical force proportional to the magnitude of an electric 
field supplied thereto. As such, the piezo-electric stack 
induces a force counteractive to the sensed force which 
results in damping in a structure. 
[0011] In a first embodiment, the vibration control is 
mechanism comprises a combination of a piezo-electric 
stack and electro- or magneto-rheological fluid inter- 
posed between an outer housing secured to an anchor 
and an inner housing secured to an object to be vibra- 
tionaliy controlled. 20 
[001 2] In a second embodiment, the vibration control 
mechanism of the present invention comprises a piezo- 
electric stack interposed between an outer housing 
secured to an anchor and an inner housing secured to 
an object to be vibrationally controlled. 25 
[0013] In a third embodiment, the vibration control 
mechanism of the present invention comprises an elec- 
tro- or magneto-rheological fluid interposed between a 
housing and an inner housing coupled at a first end to 
an anchor and at a second end to an object to be vibra- 30 
tionally controlled. 

[0014] In a fourth embodiment, the vibration control 
mechanism of the present invention comprises an elec- 
tro* or magneto-rheological flud disposed within an 
inner housing having flexible bellows type side walls 35 
and being fixed at one end to an anchor and at another 
end to an object to be vibrationally controlled. 

BRIEF DESCRIPTION OF THE DRAWINGS 

40 

[001 5] In order to appreciate the manner in which the 
advantages and objects of the invention are obtained, a 
more particular description of the invention will be ren- 
dered by reference to specific embodiments thereof 
which are illusfe-ated in the appended drawings. Under- 45 
standing that these drawings only depict prefened 
embodiments of the present invention and are not 
therefore to be considered limiting in scope, the inven- 
tion will be described and explained witii additional spe- 
cificity and detail through tiie use of the accompanying so 
drawings in which: 

FIG. 1 is a schematic side-elevation view of a 
spacecraft antenna extending from a spacecraft 
and incorporating tiie vibration control mechanism ss 
according to tiie present invention; 

FIG. 2 is a aoss-secttonal view of a vibration oon- 
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trol mechanism according to a first embodiment of 
ttie present invention: 

FIG. 3 is a cross-sectional view of a vibration con- 
trol mechanism according to a second embodiment 
of the present Invention: 

FIG. 4 is a cross-sectional view of a vibration con- 
trol mechanism according to a third embodiment of 
the present invention: and 

FIG. 5 is cross-sectional view of a vibration control 
mechanism according to a fourth embodiment of 
the present invention. 

DETAILED DESCRIPTION OF TH E PREFERRED 
EMBODIMENT(S) 

[0016] The present invention is directed towards a 
motion control apparatus for decreasing the settling 
time of a spacecraft appendage after it experiences 
vibration due to spacecraft maneuvers or other distur- 
bances. According to the present invention, a motion 
control element is interposed between the appendage 
base and the spacecraft and/or along guidelines 
between the appendage base and remote portions of 
the appendage. The motion control elements preferably 
comprise eitiier passive or active control elements and 
include a material having a damping response changed 
according to tiie magnitude of an electric or magnetic 
power source coupled tiiereto. 
[001 7] Turning now to the drawing figures, FIG. 1 illus- 
trates a motion control system according to one pre- 
ferred embodiment of the present invention. A 
spacecraft appendage in tiie form of an antenna 10 is 
coupled to a platform in tiie form of a spacecraft 12, at 
the antenna base 14. The antenna 10 includes an elon- 
gated, tubular feed tower 16 supporting a foldable dish- 
like structure 18 thereabout. The dish-like structure 18 
includes a plurality of radially projecting ribs 20 pivotally 
coupled at a first end to the feed tower 16 and coupled 
at a second end to a spreader bar 22. When deployed, 
tiie dish-iike structure 18 forms a concave reflector 
opening away from tiie spacecraft 12. 
[0018] A plurality of guidelines 24 in the form of cables 
extend under tension between the antenna base 1 4 and 
remote portions 26 of the antenna 1 0 along the dish-like 
structure 18. A plurality of sensors 28, such as acceler- 
ometers, are periodically disposed on the dish-like 
structure 18 proximate tiie remote portions 26 of tiie 
antenna 1 0. The sensors 28 detect oscillations 30 of ttie 
antenna 10 relative to the spacecraft 12 as indicated by 
tiie double-headed arrows. Further, a deformation sen- 
sor 32 is coupled to tiie base of the feed tower 16 and 
strain sensors 34 are interposed along tiie guidelines 
24 for detecting tiie osdliations 30. 
[0019] A deformation sensor is a sensor/actuator 
device including a plurality of piezo-electric elements 
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therein. Some of the piezo-electric elements are used in 
a sensing mode when an electric charge develops pro- 
portional to the magnitude of the stress generated by an 
applied force. Other piezo-electric elements are used in 
an actuator by generating mechanical forces propor- 5 
tional to the magnitude of an electric field supplied 
thereto. As such, the deformation sensor 32 can sense 
the level and frequency of oscillations of the antenna 10 
while reacting to damp the same. A more detailed 
description of the deformation sensor 32 can be found 
in U.S. Patent Nos. 5.424.596 entitled "Activated Struc- 
ture" to Mendenhall et al.. 5.525.853 entitled "Smart 
Structures for Vibration Suppression" to Nye et al.. 
5,022,272 entitled "Locally Compensated Deformation 
Sensor" to BronowicW et al., and 5,305,507 entitled 
"Method for Encapsulating a Ceramic Device for 
Embedding in Composite Structures" to Dvorsky et al., 
assigned to the Assignee of the present invention which 
are hereby incorporated by reference herein. 
[0020] In the embodiment illustrated in FIG. 1. a plu- 
rality of motion control elements 36 acting as energy 
dissipators are aligned along the critical load paths of 
the antenna 10. More particularly, the motion control 
elements 36 are interposed in parallel along select 
guidelines 24 between the antenna base 14 and the 
remote portions 26 of the antenna 10. If desired. nfx>re 
than one motion control element 36 may be interposed 
in series along the same guideline 24. Also, at least one 
other motion control element 36 is interposed between 
the antenna base 14 and the spacecraft 12. As 
desaibed in greater detail below, the motion control ele- 
ments 36 actively and/or passively attenuate the oscil- 
lating motion 30 of the antenna 10 which may arise as a 
result of spacecraft maneuvers and/or other distur- 
bances. Because the motion control elements 36 dissi- 
pate the oscillation energy at a higher rate than in their 
absence, the oscillation motion 30 is quickly settled. 
[0021] Turning now to FIG. 2. an exemplary embodi- 
ment of the vibration control element 36 is illustrated. 
The control element 36 includes an inner housing 38 
disposed substantially within an outer housing 40. The 
inner housing 38 includes a circular base 42 having a 
cylindrical wall 44 extending orthogonally therefrom. 
The cylindrical wall 44 defines an inner volume 46 of the 
inner housing 38 and an opening 48 opposite the base 
42. A rod-shaped attachment member 50 is coupled to 
the base 42 and extends through the inner volume 46 
essentially parallel to the cylindrical wall 44 and through 
the outer housing 40. 

[0022] The outer housing 40 includes a circular first 
end 52 and a circular second end 54 interconnected by 
a cylindrical wall 56. The second end 54 substantially 
encloses the inner volume 46 of the inner housing 38 by 
extending across the opening 48. The second end 54 
also includes an opening 58 for accommodating the 
attachment member 50. A guide pin 60 axially projects 
from the base 42 of the inner housing 38 and is slldingly 
received in a hole 62 formed in the first end 52 of the 
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outer housing 40. A foam member 64 is interposed 
between the base 42 of the inner housing 38 and the 
first end 52 of the outer housing 40 around the guide pin 
60 to absorb loads directed on the control element 36. 
The outer housing 40 is coupled to a first end 66 of 
cable 24 which is coupled to an anchor such as the feed 
tower 16 (see FIG. 1). The inner housing 38 is secured 
to a second end 68 of the cable 24 which is coupled to 
the object to be damped or the remote portions 26 of the 
antenna 10. 

[0023] A first 0-ring 70 is nested within a pocket 72 of 
the outer housing 40 proximate the second end 54 and 
sealingly engages the outer surface 74 of the inner 
housing 38 and the inner surface 76 of the outer hous- 
ing 40. Similarly, a second 0-ring 78 is disposed within 
a second pocket 80 so as to sealingly engage the outer 
surface 74 of the inner housing 38 and the inner surface 
76 of the outer housing 40. In combination, the outer 
surface 74. inner surface 76 and first and second O- 
rings 70 and 78 define a fluid chamber 82 between the 
inner housing 38 and the outer housing 40. 
[0024] A fluid 84 In the form of an electro- or magneto- 
rheological fluid is disposed within the fluid chamber 82 
such that it contacts the outer surface 74 of the inner 
housing 38 and the inner surface 76 of the outer hous- 
ing 40 but is isolated from the inner volume 46 of the 
inner housing 38 by the first and second 0-rings 70 and 
78. An electro-rheological fluid is a two-phase material 
which has its resistance to flow varied as a function of 
an electric field acting on the fluid. A magneto-rheologl- 
cal fluid is a two-phase material which has its resistance 
to flow varied as a function of a magnetic field acting on 
the fluid. Alternatively, a visco-elastic fluid may be used 
in the motion control elements 36 in combination with or 
independent of the electro- or magneto-rheologlcal 
fluid. By employing these types of fluids, the spring and 
damping properties of the motion control element 36 
may be variably controlled. 

[0025] A plurality of donut-shaped piezo-electric ele- 
ments 86 are stacked within the inner volume 46 of the 
inner housing 38 between the base 42 and second end 
54 of the outer housing 40. Each piezo-electric element 
86 includes a central opening 88 formed therethrough 
for accommodating the attachment member 50. An 
electric power amplifier 90 is coupled between the 
piezo-electric elements 86 and a power source 92. Also, 
an electro-magnet 94 coupled to the power source 92 is 
disposed in the cylindrical wall 56 of the outer housing 
40 proximate the fluid 84. While an electro-magnet 94 is 
illustrated for use v\^th magneto-rheologlcal fluid 84, it 
should be appreciated that a coil could substitute there- 
fore for use in conjunction with a fluid of the electro-rhe- 
ological type. It should also be appreciated that the 
electro-magnet 94 could be replaced with permanent 
magnets if fixed nrx>tion control characteristics are 
desired. 

[0026] The power source 92 is coupled to the piezo- 
electric elements 86 and the electro-magnet 94 via a 
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controller 96 in the form of a microprocessor. The power 
source 92 also communicates with one or more of the 
sensors 28, deformation sensor 32 and/or strain sen- 
sors 34 (FIG. 1) by telemetry or a conventional wiring 
hamess. As such, the microprocessor 96 controls the 
power source 92 in response to signals received from 
the motion control sensors 28, 32 and/or 34. Preferably, 
the characteristics of each motion control element 36 
disposed within the antenna structure is controlled inde- 
pendently by the microprocessor 96 to counter the lat- 
eral forces described above. 

[0027] The magnetic field from the electro-magnet 94 
acts on the magneto-rheological fluid 84 and has a 
strength proportional to the voltage potential across 
electro-magnet 94. The resistance to flow of the mag- 
neto-rheological fluid 84 is proportional to the strength 
of the magnetic field applied across the fluid 84. Thus, 
when the voltage from the power source 92 is varied, 
the resistance to flow of the magneto-rheological fluid 
84 is varied. When the resistance to flow of the mag- 
neto-rheological fluid 84 is varied, the damping charac- 
teristics of the motion control element 36 are varied. As 
the resistance to flow of the fluid 84 decreases, the 
damping rate of the motion control element 36 
decreases. Likewise, as the resistance to flow of the 
fluid 84 inaeases, the damping rate of the damping ele- 
ment 36 increases. Thus, the motion control character- 
istics of the motion control element 36 are varied and 
conti-olled in response to the magnetic field applied to 
the fluid 84. 

[0028] Similarly, the electric charge from the electric 
power source 92 acts on tiie piezo-electric elements 86 
and has a strength proportional to tiie voltane from the 
electric power amplifier 90. The dimensions of the 
piezo-electric elements 86 are proportional to the 
strength of the electric charge applied to the elements 
86. Thus, when the voltage from tiie power source 92 is 
varied, the dimensions of the piezo-electric elements 86 
are varied. When the dimensions of the piezo-electric 
elements 86 are varied, the motion control characteris- 
tics of the resistance to lateral forces element 36 are 
varied. As the dimensions of the elements 86 decrease, 
the resistance to lateral forces of tiie motion control 36 
decreases. Likewise, as the dimensions of the elements 
86 increase, tiie resistance to lateral forces of tiie 
motion control element 36 increases. Thus, ttie motion 
confrol characteristics of tiie motion control element 36 
are varied and conti-olled in response to tiie electric 
charge supplied to the elements 86 in phase with the 
oscillations of tiie antenna 10. 
[0029] As described, one way to vary the sti-ength of 
the magnetic or electric field applied to tiie motion con- 
trol element 36 is to vary ttie voltage potential across 
elertro-magnet 94 or tiie charge from the electric power 
amplifier 90. Another way to vary the sti-ength of the 
magnetic field applied to tiie fluid 84 is to change tiie 
distance between tiie electro-magnet 94 and the fluid 
chamber 82. Also, the size of the magnetic field can be 



changed by varying the area of the elecb'O-magnet 94 
which is in facing relationship. Accordingly, the actual 
configuration of tiie motion control element 36 may be 
selected to provide the desired damping characteristics 
5 corresponding to tiie specific application into which it is 
incorporated. 

[0030] Referring now collectively to FIGS. 1 and 2, in 
active damping control operation, the sensors 28, defor- 
mation sensor 32 and/or strain sensors 34 provide elec- 
ts trical signals to the microprocessor 96 indicative of the 
vibration conditions, i.e., level and frequency, experi- 
enced by tiie antenna 10. In response to the signals, 
i.e., feedbacK the miaoprocessor 96 provides output 
signals to conti-ot the power source 92. The power 
15 source 92 varies the magnitude of the voltage transmit- 
ted to tiie motion control elements 36 in response to the 
signals from the sensors 28, 32 and/or 34. 
[0031 ] In response to the change in magnetic field, tiie 
magneto-rheological fluid 84 changes its viscosity 
20 which alters tiie damping rate between tiie inner hous- 
ing 38 and the outer housing 40. Similarly, in response 
to the change in elecfric field, the piezo-elecfic ele- 
ments 86 alter their dimensions in proportion to the 
changing electric field from the power source 92. As 
25 such, the resistance to change along the length dimen- 
sion of the motion control element 36 changes as the 
piezo-electaric elements 86 and fluid 84 change their 
dimensions and viscosity respectively. When this is 
done in phase with the oscillations detected by sensors 
30 28. 32 and/or 34. tiie settiing time of the antenna 1 0 can 
be greatiy reduced. 

[0032] As a further alternative, the fluid based motion 
control element 36c illustrated in FIG. 2 may be 
replaced by a motion conf ol element including one or 

35 more piezo-electric. damping elements therein (com- 
monly refen^ed to as a PZT stack). A piezo-electric ele- 
ment exerts a mechanical force proportional to the 
magnitude of an elecb-ic field applied thereto. One 
skilled in the art will appreciate that a PZT stack's func- 

40 tion is substantially identical to that of the active fluid 
t>ased motion control element 36c described above. A 
furtfier explanation of PZT stack based motion control 
elements can be found in co-pending U.S. Patent Appli- 
cation Serial No. (Attorney Docket No. 11-0879). enti- 

45 tied: "Spacecraft Antenna Slew Control System", filed 
ooncunently herewitii, and assigned to the Assignee of 
the invention and incorporated by reference herein. 
[0033] Referring now to FIG. 3. a second embodiment 
vibration conf ot element 36a is illustrated. This emtxxj- 

50 iment is substantially similar to the embodiment 
depicted in FIG. 2 witti tiie exception that only the piezo- 
electric elements 86a are Incorporated therein rather 
tiian both piezo-electi-lc elements and electro- or mag- 
neto-rheological fluid. As such, the elements of tiie first 

55 embodiment dedicated to the electi'o- or magneto-rheo- 
logical fluid are omitted. The confrol element 36a 
includes an inner housing 38a disposed sut>stantially 
within an outer housing 40a. The inner housing 38a 
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includes a circular base 42a defining an inner volume 
46a of the control damper 36a with the outer housing 
40a. A rod-shaped attachment member 50a is coupled 
to the base 42a and extends through the inner volume 
46a essentially perpendicular to the base 42a and s 
through the outer housing 40a. 
[0034] The outer housing 40a includes a circular first 
end 52a and a circular second end 54a interconnected 
by a cylindrical wall 56a. The second end 54a substan- 
tially encloses the inner volume 46a of the inner housing 
38a. The second end 54a also includes an opening 58a 
for accommodating the attachment member 50a. A 
guide pin 60a axially projects from the base 42a of the 
inner housing 38a and is slidingly received in a hole 62a 
formed In the first end 52a of the outer housing 40a. A 
foam member 64a is interposed between the base 42a 
of the inner housing 38a and the first end 52a of the 
outer housing 40a around the guide pin 60a to absorb 
loads directed on the control element 36a. The outer 
housing 40a is coupled to a first end 66a of cable 24a 
which is coupled to an anchor such as the feed tower 1 6 
(see FIG. 1). The inner housing 38a is secured to a sec- 
ond end 68a of the cable 24a which is coupled to the 
object to be damped or the remote portions 26 of the 
antenna 10. 

[0035] A plurality of donut-shaped plezo-electric ele- 
ments 86a are stacked within the inner volume 46a of 
the inner housing 38a between the base 42a and sec- 
ond end 54a of the outer housing 40a. Each piezo-elec- 
trie element 86a includes a central opening 88a formed 
therethrough for accommodating the attachment mem- 
ber 50a. An electric power amplifier 90a is coupled 
between the piezo-electric elements 86a and a power 
source 92a. 

[0036] The power source 92a is coupled to the piezo- 
electric elements 86a via a microprocessor 96a. The 
power source 92a also communicates with one or more 
of the sensors 28, deformation sensor 32 and/or strain 
sensors 34 (FIG. 1) by telemetry or a conventional wir- 
ing harness. As such, the microprocessor 96a controls 
the power source 92a In response to signals received 
from the motion control sensors 28, 32 and/or 34. Pref- 
- erably, the characteristics of each motion control ele- 
ment 36a in the antenna structure is controlled 
independently by the microprocessor 96a to counter the 
lateral forces described above. 
[0037] The voltage from the power source 92a ampli- 
fied by the electric power amplifier 90a acts on the 
piezo-electric elements 86a. The mechanical force gen- 
erated by the piezo-electric elements 86a are propor- 
tional to the strength of the electric field applied to the 
elements 86a. Thus, when the voltage from the power 
source 92a is varied, the mechanical force generated by 
the piezo-electric elements 86a are varied. When the 
force output of the piezo-electric elements 86a are var- 
ied, the motion control characteristics of the motion con- 
trol element 36a are varied. The piezo actuator Induces 
a variable mechanical force counteractive to a sensed 



force which results in variable damping in the structure. 
Thus, the motion control characteristics of the motion 
control element 36a are varied and controlled in 
response to the electric field supplied to the elements 
86a In phase with the oscillations of the antenna 10. 
[0038] Referring now collectively to FIGS. 1 and 3, in 
active damping control operation, the sensors 28. defor- 
mation sensor 32 and/or strain sensors 34 provide elec- 
trical signals to the microprocessor 96a Indicative of the 
vibration conditions, i.e.. level and frequency, experi- 
enced by the antenna 10. In response to the signals, 
I.e., feedback, the microprocessor 96a provides output 
signals to control the power source 92a and power 
amplifier 90a. The power source 92a and power ampli- 
fier 90a vary the magnitude of the voltage transmitted to 
the motion control elements 36a in response to the sig- 
nals from the sensors 28, 32 and/or 34. 
[0039] In response to the change in electric field, the 
piezo-electric elements 86a alter their output force in 
proportion to the changing electric field from the power 
source 92a. As such, the resistance to change along the 
length dimension of the motion control element 36a 
changes as the piezo-electric elements 86a engage the 
second end 54a of the outer housing 40a and the base 
42a of the inner housing 38a during application of a 
load. When this Is done in phase with the oscillations 
detected by sensors 28. 32 and/or 34. the settling time 
of the antenna 10 can be greatly reduced. 
[0040] Turning now to FIG. 4. a third embodiment 
vibration control element 36b Is Illustrated. The motion 
control element 36b includes an inner housing 38b 
extending through an outer housing 40b. The outer 
housing 40b preferably comprises a circular first end 
52b and a circular second end 54b interconnected by a 
cylindrical wall 56b. The second end 54b includes an 
opening 58b formed therein for accommodating a first 
end 42b of the inner housing 38b. Similarly, the first end 
52b includes an opening 58b* formed therein for accom- 
modating a second end 42b' of the inner housing 38b. 
Preferat)ly. the inner housing 38b comprises a rod 
extending through the first end 52b and second end 54b 
of the outer housing 40b. The outer housing 40b is fixed 
to a preselected substrate such as the rib section 1 9 of 
the antenna 10 (see FIG. 11. The first end 42b of the 
inner housing 38b is coupled to an object to be vlbra- 
tionally controlled such as the remote portions 26 of 
antenna 10 via cable 24. Similarly, the second end 42b* 
of the inner housing 38b is coupled to an anchor, such 
as the feed tower 16, by the opposite end of cable 24. 
[0041] A first 0-rlng 70b is nested within the opening 
58b so as to slidingly engage the outer surface 74b of 
the inner housing 38b and the Inner surface 76b of the 
outer housing 40b. Similarly, a second 0-ring 78b is 
nested within the opening 58b' so as to slidingly engage 
the outer surface 74b* of the Inner housing 38b and the 
inner surface 76b' of the outer housing 40b. 
[0042] A piston 98b laterally projects from the Inner 
housing 38b so as to divide the inner volume 46b into a 
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first fluid chamber 82b and a second fluid chamber 82b' 
with first and second fluid passages 100b and 100b' 
between the piston 98b and cylindrical wall 56b inter- 
connecting the first fluid chamber 82b and second fluid 
chamber 82b'. s 
[0043] A fluid 84b of the electro- or magneto-rheolog- 
ical type is disposed within the first and second fluid 
chambers 82b and 82b* and Is transferrable therebe- 
tween through the fluid passages 100b and 100b'. An 
electro-magnet 94b Is disposed on the piston 98b prox- io 
imate the magneto-rheoiogical fluid 84b for providing a 
magnetic field across the magneto-rheoiogical fluid 84b. 
While an electro-magnet 94b is illustrating for control- 
ling the magneto-rheoiogical fluid 84b, It should be 
appreciated that a electrode surfaces could substitute 75 
therefore for working In conjunction with a fluid 84b of 
the eiectro-rheotogical type. Also, electro-magnet 94b 
could be replaced with permanent magnets if fixed 
motion control characteristics are desired. 
[0044] An axially extending spring retainer 102b is 20 
coupled to the second end 54b of the outer housing 
40b. A pair of springs 104b are disposed within the 
spring retainer 102b and abuttingly engage the second 
end 54b of the outer housing 40b and an annular flange 
106b radially extending from the perimeter of the inner 25 
housing 38b. 

[0045] An electric power source 92b is coupled to the . 
electro-magnet 94b via a miaoprocessor 96b. The 
microprocessor 96b also communicates with one or 
more of the sensors 28, deformation sensor 32 and/or 30 
strain sensors 34 (FIG. 1) by telemetry or a conventional 
wiring harness. As such, the microprocessor 96b con- 
trols the power source 92b in response to signals 
received from the motion control sensors 28. 32 and/or 
34. Preferably, the characteristics of each motion con- 35 
trol element 36b is controlled Independently by the 
microprocessor 96b to counter the lateral forces 
described above. 

[0046] The magnetic field from the electro-magnet 
94b acts on the magneto-rheoiogical fluid 84b and has 40 
a strength proportional to the voltage potential across 
electro-magnet 94b. The resistance to flow of the mag- 
neto-rheoiogical fluid 84b is proportional to the strength 
of the magnetic field applied aaoss the fluid 84b. Thus, 
when the voltage from the power source 92b is varied. 45 
the resistance to flow of the magneto-rheoiogical fluid 
84b is varied. When the resistance to flow of the mag- 
neto-rheoiogical fluid 84b is varied, the damping char- 
acteristics of the motion control element 36b are varied. 
As the resistance to flow of the fluid 84b decreases, the so 
danrping rate of the motion control element 36b 
decreases. Likewise, as the resistance to flow of the 
fluid 84b increases, the damping rate of the damping 
element 36b increases. Thus, the motion control char- 
acteristics of the motion control element 36b are varied 55 
and controlled in response to the magnetic field applied 
to the fluid 84b. 

[0047] As just descrbed, one way to vary the strength 
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of the magnetic field applied to the motion control ele- 
ment 36b is to vary the voltage potential across electro- 
magnet 94b. Another way to vary the strength of the 
magnetic field applied to the fluid 84b is to change the 
distance between the electro-magnet 94b and the fluid 
chambers 82b and 82b_. Also, the size of the magnette 
field can be changed by varying the area of the electro- 
magnet 94b which is in facing relationship. Accordingly, 
the actual configuration of the motion control element 
36b may be selected to provide the desired damping 
characteristics corresponding to the specific application 
into which it is incorporated. 

[0048] Referring now collectively to FIGS. 1 and 4, in 
active damping control operation, the inner housing 38b 
moves relative to the outer housing 40b as the remote 
portions 26 of the antenna 10 experience oscillations. 
This causes the piston 98b to change its position witiiin 
tiie inner volume 46b relative to the first end 52b and 
second end 54b tiiereby changing the volume of tiie first 
fluid chamber 82b and the second fluid chamber 82b_. 
The sensors 28. deformation sensor 32 and/or strain 
sensors 34 provide electrical signals to the microproc- 
essor 96b indicative of the vibration conditions, I.e., level 
and frequency, experienced by the antenna 10. In 
response to the signals, i.e.. feedback, the microproces- 
sor 96b provides output signals to control tiie power 
source 92b. The power source 92b varies the magni- 
tude of the voltage transmitted to the motion control ele- 
ments 36b in response to the signals from the sensors 
28, 32 and/or 34. In response to tiie change In magnetic 
field, the magneto-rheoiogical fluid 84b changes Its vis- 
cosity which alters the damping rate between tiie inner 
housing 38b and tiie outer housing 40b by interfering 
with the piston 986 and first and second ends 52b and 
54b of the outer housing 40b. When tiiis Is done in 
phase with the oscillations detected by sensors 28. 32 
and/or 34, tiie settting time of tiie antenna 10 can be 
greatly reduced. The bias of the springs 104b against 
the annular flange 106b urges tiie inner housing 38b to 
a pre-selected orientation relative to the outer housing 
40b during and after damping by the motion control ele- 
ment 36b. 

[0049] Turning now to FIG. 5, a fourth embodiment 
vibration control element 36c according to the present 
invention is illustrated. The motion cont'd element 36c 
includes a non-conductive cylindrical inner housing 38c 
substantially residing within and axially aligned with an 
electi'o magnet 40c. A pair of non-conductive end caps 
52c and 54c retain the inner housing 38c within tiie 
electro magnet 40c. The inner housing 38c includes a 
flexible (e.g., metal or rubber) bellows portion 44c form- 
ing a portion of its side wall which is free to expand and 
compress axially relative to the electro magnet 40c. As 
such, expansion and compression of the inner housing 
38c is accommodated by the flexing and collapsing of 
the flexible bellows portion 44c. TTie cable 24. which is 
connected at 66c and 68c to end fittings of the inner 
housing 38c, causes tiie inner housing 38c to elongate 



7 



13 



EP0957 288 A2 



14 



via the bellows 44c when a load Is applied. 
[0050] The Inner volume 46c of the inner housing 38c 
forms a fluid chamber 82c filled with a fluid 84c of the 
electro- or magneto-rheological type. An electro-mag- 
net 40c for providing a magnetic field is coupled to the 
outer housing 40c so as to surround or at least be on 
opposite sides of the inner housing 38c. A closed cell 
foam bladder 64c is disposed within the inner volume 
46c of the inner housing 38c to absorb loads directed on 
the motion control element 36c while keeping the fluid 
84c against the flexible bellows portion 44c. While an 
electro-magnet 40c is illustrated for controlling the mag- 
neto-fluid 84c, it should be appreciated that a coil could 
substitute therefore for working in conjunction with a 
fluid 84c of the electro-rheological type. Also, the elec- 
tro-magnet 40c could be replaced with permanent mag- 
nets if fixed motion control characteristics are desired. 
[0051] A power source 92c is coupled to the electro- 
magnets 40c via a microprocessor 96c. The power 
source 92c also communicates with one or more of the 
sensors 28; deformation sensor 32 and/or strain sen- 
sors 34 (FIG. 1) by telemetry or a conventional wiring 
harness. As such, the microprocessor 96c controls the 
power source 92c in response to signals received from 
the motion control sensors 28, 32 and/or 34. The char- 
acteristics of each motion control element 36c is con- 
trolled independently by the microprocessor 96c to 
counter the lateral forces described above. 
[0052] The magnetic field acting on the magneto-rhe- 
ological fluid 84c in the motion control element 36c has 
a strength proportional to the voltage potential across 
electro-magnet 40c. TTie resistance to flow of the fluid 
84c is proportional to the strength of the field applied 
across the fluid 84c in the inner volume 46c of the inner 
housing 38c. Thus, when the voltage from the power 
source 92c is varied, the resistance to flow of the fluid 
84c is varied. When the resistance to flow of the fluid 
84c in the inner volume 46c is varied, the damping char- 
acteristics of the motion control element 36c are varied. 
As the resistance to flow of the fluid 84c decreases, the 
damping rate of the damping element 36c decreases. 
Similarly, as the resistance to flow of the fluid 84c 
increases, the damping rate of the motion control ele- 
ment 36c increases. Thus, the damping characteristics 
of the motion control element 36c are varied and con- 
trolled in response to the fieki applied to the fluid 84c in 
the inner volume 46c. 

[0053] As just described, one way to vary the strength 
of the field applied to the fluid 84c in the inner volume 
46c is to vary the voltage potential across electro-mag- 
net 40c. Another way to vary the strength of the field 
applied to the fluid 84c in the inner volume 46c is to 
change the distance between tiie electro-magnet 40c 
and the fluid 84c in tiie inner volume 46c. Also, the size 
of the field can be changed by varying the area of the 
electro-magnet 40c which is in faring relationship. 
Accordingly, the actual configuration of the motion con- 
trol element 36c may be selected to provide the desired 



damping characteristics corresponding to the specific 
application into which it Is incorporated. 
[0054] Referring now collectively to FIGS. 1 and 5, in 
active damping control operation, the sensors 26. defor- 

5 mation sensor 32 and/or strain sensors 34 provide elec- 
f ical signals to the microprocessor 96c indicative of the 
vibration conditions, i.e., level and frequency, experi- 
enced by ttie antenna 10. In response to the signals, 
i.e., feedbacK the microprocessor 96c provides output 

10 signals to control the power source 92c. The power 
source 92c varies tiie magnitude of the voltage ti-ans- 
mitted to the motion control elements 36c in response to 
the signals from the sensors 28. 32 and/or 34. By con- 
trolling the power source 92c. the viscosity of the fluid 

IS 84c in the motion control elements 36c is controlled to 
increase or deaease tiie damping characteristics of the 
motion control elements 36c. 
[0055] Thus, the present invention provides a motion 
control apparatus for damping spacecraft appendage 

20 oscillation. More particularly, the present invention inter- 
poses motion conti'ol elements in strategic locations 
within the appendage structijre to damp oscillations. In 
one emtxxjiment, the motion control elements utilize a 
combination of an electro- or magneto-rheological fluid 

25 having its viscosity changed according to tiie magnitude 
of an electric or magnetic field applied thereto and a 
piezo-eiecti'ic which exert mechanical forces propor- 
tional to the magnitude of an electric field supplied 
thereto. In anotiier embodiment, the motion control ele- 

30 ments only utilize a piezo-electric stack In yet other 
embodiments, the motion control elements only utilize 
electro- or magneto-rheological fluid. Altiiough tiie 
present Invention is particularly well suited for space- 
craft appendage applications such as antennas, tiie 

35 present invention may also be beneficial in seismic 
vibration isolator systems for buildings, bridges, pipe 
and gas lines, aircraft and ships. 
[0056] Those skilled in the art can now appreciate 
from the foregoing description tiiat the broad teachings 

40 of tiie present invention can be implemented in a variety 
of forms. Therefore, while this invention has been 
described in connection witii particular examples 
tiiereof, the true scope of the invention should not be so 
limited since otiier modifications will become apparent 

45 to tiie skilled practitioner upon a study of the drawings, 
specification, and following claims. 

Claims 

50 1 . A vibration control apparatus comprising: 
an outer housing; 

an inner housing disposed substantially witiiin 
said outer housing, said Inner housing having 
55 an inner volume; 

at least one piezo-electric element disposed 
within said inner volume and engaging said 
inner housing and said outer housing; and 
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an electric field source coupled to said piezo- 
electric element and communicating with at 
least one sensor for varying a magnitude of 
said electric filed in phase with oscillations 
detected by said sensor. $ 

2. The vibration control apparatus of claim 1 further 
comprising: 

a fluid disposed within a fluid chamber and io 
engaging said inner housing and said outer 
housing, said fluid being selected from the 
group including electro^ and magneto-rheologi- 
cal fluid; and 

an electric or magnetic field source proximate is 
said fluid and communicating with said sensor 
for varying a magnitude of said electric or mag- 
netic field in phase with said oscillations 
detected by said sensor, and/or 
wherein said inner housing further comprises a 20 
base coupled to a wall extending therefrom, 
said wall defining an opening opposite said 
base providing access to said inner volume; 
said outer housing further comprises a first end 
and a second end interconnected by a wall, 2s 
said first end being proximate said base of said 
inner housing and said second end substan- 
tially enclosing said opening of said inner hous- 
ing; and 

said piezo-electric element is disposed 30 
between said base of said inner housing and 
said second end of said outer housing, and/or 
wherein said outer housing further comprises a 
first end and a second end interconnected by a 
wall; 35 
said inner housing further comprises a base 
disposed within said wall of said outer housing 
and movable therein relative to said first end 
and said second end; and 
said piezo-electric element is disposed 40 
between said base of said inner housing and 
said second end of said outer housing, and/or 
wherein said magnetic or electric field source 
further comprises one of the group including an 
electro-magnet, a permanent magnet, a coil, 45 
and electrode surfeces, and/or 
wherein said electric filed source further com- 
prises an electric power amplifier, and/or 
wherein one of said inner and outer housings is 
coupled to an anchor and the other of said so 
inner and outer housings is coupled to an 
object to be vibrationally controlled, and/or 
further comprising a foam member interposed 
between said inner housing and said outer 
housing for absorbing loads directed on said ss 
vibration control apparatus, and/or 
further comprising a guide member coupled to 
one of said inner housing and said outer hous- 
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ing for aligning said inner housing relative to 
said outer housing. 

3. The vibration control apparatus of claim 2 wherein 
said fluid is disposed between an outer surfece of 
said wall of said Inner housing and an inner surface 
of said wall of said outer housing. 

4. A vibration control apparatus oonrprising: 

an outer housing; 

an inner housing disposed substantially within 
said outer housing, said inner housing includ- 
ing a fluid chamber; 

a fluid disposed within said fluid chamber and 
engaging said inner housing and said outer 
housing, said fluid being selected from one of 
the group including electro- and magneto-rheo- 
logical fluid; and 

an electric or magnetic field source proximate 
said fluid and communicating with at least one 
sensor for varying a magnitude of said electric 
or magnetic field in phase with oscillations 
detected by said sensor. 

5. The vibration control apparatus of claim 4 further 
comprising: 

at least one piezo-electric element disposed 
within an inner volume of said inner housing 
and engaging said inner housing and said 
outer housing; and 
* an electric field source coupled to said piezo- 
electric element and communicating with said 
sensor for varying a magnitude of said electric 
field In hase with said oscillations detected by 
said sensor, and/or 

wherein said outer housing further comprises a 
first end and a second end interconnected by a 
wall; and 

said Inner housing further comprises a rod 
extending through said first and second ends of 
said outer housing and a piston laterally pro- 
jecting from said rod toward said wall of said 
outer housing so as to divide said fluid cham- 
ber into a first fluid chamber and a second fluid 
chamber with at least one fluid passage 
extending therebetween, and/or 
wherein said outer housing further comprises a 
first end and a second end interconnected by a 
wall; and 

said inner housing further comprises a k3ase 
and a lid interconnected by a bellows-type wall, 
said bellows-type wall lying adjacent said wall 
of said outer housing and enclosing said fluid 
chamber; and/or 

wherein said magnetic or electric filed source 
further comprises one of the group including an 
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an inner housing coupled to one of an anchor 
and an object to be vibrationally controlled; 
an outer housing coupled to the outer of said 
anchor and said object to be vibrationally con- 
trolled, and substantially sun'ounding said inner 
housing so as to define an Inner volume there- 
with; 

at least one piezo-electric element disposed 
within said inner volume so as to engage said 
Inner housing and said outer housing; 
an electric field source coupled to said piezo- 
electric element; 

a power source coupled to said electric field 
source; and 

a controller electrically coupled to said power 
source and communicating with at least one 
sensor to vary the magnitude of said electric 
filed according to a level and phase of vibra- 
tions detected by said sensor. 



8. The vibration control apparatus of claim 7 wherein 
said magnetic or electric field source further com- 
prises one of the group Including an electro-mag- 
net, a permanent magnet, a coil, and electrode 
surfaces, and/or 

wherein said electric field source further 
comprises an electric power amplifier. 

9. A vibration control apparatus comprising: 



10. The vibration control apparatus of claim 9 wherein 
said electric field source further comprises an elec- 
tric power amplifier. 



electro-magnet a penmanent magnet, a coil, 
and electrode surfeces; and/or 
wherein said electric filed source further com- 
prises an electric power amplifier, and/or 
wherein one of said inner and outer housings Is 5 
coupled to an anchor and the other of said 
inner and outer housings Is coupled to an 
object to be vibrationally controlled. 

6. The vibration control apparatus of daim 5 further 10 
comprising a foam member interposed between 
said base and lid of said inner housing for absorb- 
ing loads directed on said vibration control appara- 
tus. 

IS 

7. A vibration control apparatus comprising: 

an inner housing coupled to one of an anchor 
and an object to be vibrationally controlled, and 
including an inner volume therein; 20 
an outer housing coupled to the otiier one of 
said anchor and said object to be vibrationally 
controlled, and essentially surrounding said 
inner housing so as to substantially enclose 
said inner volume; 25 
a fluid chamber formed between said Inner 
housing and said outer housing; 
a fluid of an electro- or magneto-rheological 
type disposed within said fluid chamber so as 
to engage said inner housing and said outer 30 
housing; 

at least one piezo-electric element disposed 
within said inner volume so as to engage said 
inner housing and said outer housing; 
a magnetic or electric field source proximate 3S 
said fluid; 

an electric field source coupled to said piezo- 
electric element; 

a power source coupled to said magnetic or 
electric field source and said electric field 40 
source; and 

a controller electrically coupled to said power 
source and communicating with at least one 
sensor to vary the magnitude of said magnetic 
field or elect-ic and said electric field according 4S 
to a level and phase of vibrations detected by 
said sensor. 



11. Avibration control apparatus oonprising: 

an outer housing having an inner volume; 
an inner housing extending through said inner 
volume of said outer housing, said inner hous- 
ing being coupled to an anchor at a first end 
and coupled to an object to be vibrationally 
controlled at a second end; 
a piston coupled to said inner housing so as to 
divide said inner volume into a first fluid cham- 
ber and a second fluid chamber with at least 
one fluid passage extending tiierebetween; 
a fluid of an electro- or magneto-rheological 
type disposed in said first and second fluid 
chambers and transferable therebetween 
through said fluid passage; 
a magnetic or electric field source proximate 
said fluid; 

a power source coupled to said magnetic or 
electric field source; and 
a controller electrically coupled to said power 
source and communicating with at least one 
sensor to vary the magnitude of said magnetic 
or electric field according to a level and phase 
of vibration detected by said sensor. 

1 2. The vibration control apparatus of claim 1 1 wherein 
said magnetic or electric field source further com- 
prises one of tfie group including an electro-mag- 
net, a permanent magnet, a coil, and electi-ode 
surfaces; and/or 

further comprising a return spring engaging 
said inner and outer housings for urging said 
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inner housing to a pre-selected orientation rel- 
ative to said outer housing. 

13. A vibration control apparatus comprising: 

5 

an outer housing; 

an inner housing disposed within said outer 
housing, said inner housing including a flexible, 
bellows-type wall surrounding a fluid chamber 
and being coupled at a first end to an anchor io 
and at a second end to an object to be vibra- 
tionally controlled; 

a fluid of the electro- or magneto-rheological 
type disposed within said fluid chamber and 
engaging said bellows-type wall of said inner is 
housing; 

a magnetic or electric field source proximate 
said magneto-rheological fluid; 
a power source coupled to said magnetic or 
electric field source; 20 
a controller electrically coupled to said power 
source and communicating with at least one 
sensor for changing the magnitude of said 

magnetic or electric field according to a level 

and phase of vibration detected by said sensor. 2s 

14. The vibration control mechanism of claim 13 
wherein said magnetic or electric field source fur- 

. ther comprises one of the group including an elec- 
tro-magnet, a permanent magnet, a coil, and 30 
electrode surteces. 
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